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$ EVW U DFW _ : H SURSRVH D VLPSOH  T XLFN DQG SUDFWLFDO
FRORU FDOLEUDWLRQ SURFH GXUH WKDW UH VXOWV LQ D SUH FLVH UH SUR
GXFLEOH  DOEH LW QRW YH U\ DFFXUDWH FORVH WR YDOXH V REWDLQH G
ZLWK D UH IH UH QFH GH YLFH  FRORU GH VFULSWLRQ LQ D VWDQGDUG
GH YLFH GH SH QGH QW FRORU VSDFH V5*% 7 KH V\VWH P FRQVLVWV
RI D FKLS &&' FDPH UD D FRQWLQXRXV ULQJOLJKW IUDPH
JUDEEH U DQG 3 & 7 KH FDOLEUDWLRQ SURFH GXUH LQYROYH V EXLOG
LQJ D SURpOH RI WKH DFT XLVLWLRQ V\VWH P EDVH G RQ  FRORU
WDUJH WV ZLWK NQRZQ FKDUDFWH ULVWLFV 7 KLV SURpOH LV H DVLO\
FKH FNH G EH IRUH D VH W RI LPDJH DFT XLVLWLRQV DQG UH PDLQV
YDOLG IRU D ORQJ SH ULRG 7 KH DFT XLUH G LPDJH V DUH WUDQV
IRUPH G IURP WKH GH YLFH GH SH QGH QW 5*% FDPH UD VSDFH WR
WKH JDPPD FRUUH FWH G V5*% RU , 7 85 %7  VSDFH DQG
DUH UH DGLO\ GLVSOD\DEOH RQ D &57 EDVH G PRQLWRU 0 RUH 
RYH U V5*% WULVWLPXOXV YDOXH V DUH UH DGLO\ WUDQVIRUPH G WR
WKH &, ( / DE VSDFH  DOORZLQJ SH UFH SWXDO FRORU GLoH U
H QFH V c (e
DE
 WR EH FRPSXWH G $OWKRXJK WKH DFFXUDF\ RI
WKH SURSRVH G SURFH GXUH LV QRW YH U\ KLJK c (e
DE
!  IRU
VRPH RI WKH FRORU WDUJH WV WKH SUH FLVLRQ RU UH SURGXFLELOLW\
LV T XLWH JRRG 7 KH VKRUWWH UP SUH FLVLRQ EDVH G RQ  FRQ
VH FXWLYH PH DVXUH PH QWV RI D ZKLWH SDWFK LV Kc (e
DE
L  
ZLWK c (e
DE
  7 KH PH GLXPWH UP SUH FLVLRQ EDVH G RQ
 PH DVXUH PH QWV RI WKH  FRORU SDWFKH V PDGH GXULQJ GLI
IH UH QW ZDUPXS F\FOH V RI WKH DFT XLVLWLRQ V\VWH P XQGH U RQH
SURpOH LV Kc (e
DE
L   ZLWK c (e
DE
  / RQJWH UP RU
LQWH USURpOH SUH FLVLRQ LV RI WKH VDPH RUGH U H YH Q ZKH Q WKH
FRORU WH PSH UDWXUH RI WKH OLJKW VRXUFH LV FKDQJH G EH WZH H Q
SURpOH V
. H\ Z RU GV_&RORU FDOLEUDWLRQ 'H UPDWRORJ\ &RORU LPDJH
DFT XLVLWLRQ FDPH UD FDOLEUDWLRQ &&' FDPH UD
, ,QW U RGXF W LRQ

1 GHUPDWRORJ\ FRORU DQG FRORU GLoHUHQFH RIWHQ FRQYH\
LPSRUWDQW GLDJQRVWLF LQIRUPDWLRQ HVSHFLDOO\ ZKHQ LQ
YHVWLJDWLQJ SLJPHQWHG OHVLRQV DQG PRUH SDUWLFXODUO\ VNLQ
FDQFHU ,Q RUGHU WR PDNH TXDQWLWDWLYH FRORU PHDVXUHPHQWV
RQ LUUHJXODU DQG YDULDEOH VL]HG VNLQ OHVLRQV VWDQGDUG FKUR
PDPHWHUV RU VSHFWURSKRWRPHWHUV DUH JHQHUDOO\ XVHOHVV EH
FDXVH RI WKHLU p[HG DSHUWXUH 7UDGLWLRQDO SKRWRJUDSK\
KDV WKH EHQHpW RI KDYLQJ D YLVXDO UHFRUG RI WKH OHVLRQ EXW
GRHVQ
W KDYH YHU\ FRQVLVWHQW FRORU UHSURGXFWLRQ GXH WR GLI
IHUHQFHV LQ pOP LOOXPLQDWLRQ DQG GHYHORSPHQW $OWKRXJK
LQ GLJLWDO SKRWRJUDSK\ QR pOP LV LQYROYHG LW QRW VWUDLJKW
IRUZDUG WR REWDLQ D FRQVWDQW UHVSRQVH IURP D GLJLWDO LP
DJH DFTXLVLWLRQ V\VWHP >@ >@ 0RUHRYHU PRVW GLJLWDO
FDPHUDV DUH QRW FRORULPHWULF LH WKHLU FRORU VHQVRUV GRQ
W
KDYH VSHFWUDO UHVSRQVH IXQFWLRQV WKDW DUH SURSRUWLRQDO WR
WKH &,( z[ z\ z] FRORU PDWFKLQJ IXQFWLRQV &,( VWDQGV IRU

&RPPLVVLRQ ,QWHUQDWLRQDOH GH O
(FODLUDJH
 D VWDQGDUG
L]LQJ ERG\ LQ WKH pHOG RI FRORU VFLHQFH 7KLV PHDQV LW
LV QRW HDV\ WR FRPSXWH SHUFHSWXDO FRORU GLoHUHQFHV EH
FDXVH WKH UHODWLRQ EHWZHHQ WKH GHYLFHGHSHQGHQW FDPHUD
5*% VSDFH DQG WKH GHYLFHLQGHSHQGHQW &,( ;<= VSDFH
LV XQNQRZQ DQG KDV WR EH GHWHUPLQHG 7KLV VXEMHFW ZDV
DOUHDG\ H[WHQVLYHO\ FRYHUHG LQ WKH OLWHUDWXUH >@ >@ >@
>@ >@ >@ >@ >@ EXW KHUH WKH HPSKDVLV LV FOHDUO\ RQ D
VLPSOH DQG SUDFWLFDO VFKHPH PDNLQJ QR SUHWHQVH DW EH
LQJ D FRORU DSSHDUDQFH PRGHO RU DW FRORU FRQVWDQF\ ,Q
VWHDG LW DYRLGV VRPH RI WKH SUREOHPV FRQFHUQLQJ FKDQJHV
LQ LOOXPLQDQW EHWZHHQ VRXUFH FDPHUD 5*% DQG RXWSXW
VSDFH V5*% 7KH XVH RI GLJLWDO SKRWRJUDSK\ LQ GHUPD
WRORJ\ KDV DOUHDG\ EHHQ LQYHVWLJDWHG VHYHUDO WLPHV PRVWO\
XVLQJ GHYLFHGHSHQGHQW FRORU VSDFHV HJ 5*% DQG +69
>@ >@ >@ >@ 6RPHWLPHV GHYLFHLQGHSHQGHQW FRORU
VSDFHV ZHUH XVHG >@ DOWKRXJK LW LV XQFOHDU MXVW KRZ WKH
QHFHVVDU\ WUDQVIRUP ZDV REWDLQHG $W SUHVHQW QR V\VWHP
IRU XVH LQ GHUPDWRORJ\ KDV EHHQ SURSRVHG WKDW XVHV D VWDQ
GDUG FRORU VSDFH ZLWK NQRZQ SULPDULHV DQG ZKLWH SRLQW
6XFK D FRORU VSDFH KDV WKH DGGLWLRQDO EHQHpW RI DOORZLQJ
WKH LQWHUFKDQJH RI LPDJHV IRU PRUH WKDQ MXVW YLHZLQJ SXU
SRVHV DQG RSHQV SHUVSHFWLYHV LQ WKH DUHD RI WHOHPHGLFLQH
,, 7 KH DF TXLVLW LRQ V\VW HP
7KH DFTXLVLWLRQ V\VWHP FRQVLVWV RI D -9& .<% 
FKLS &&' FDPHUD ZLWK D 3HQWD[ PDQXDO ]RRP OHQV D
6FKRWW ./  :DWW KDORJHQ OLJKW VRXUFH DQG DQ ,Q
WHJUDO 7HFKQRORJLHV )ODVK3RLQW  IUDPH JUDEEHU 7KH
pHOG RI YLHZ RI WKH &&' FDPHUD LV  FP E\  FP :LWK
DQ LPDJH FRQWDLQLQJ  E\  SL[HOV WKH UHVROXWLRQ LV 
SL[HOVPP 7KH OLJKW VRXUFH LV OLQNHG E\ D  P ORQJ RS
WLFDO pEHU WR D FRQWLQXRXV ULQJOLJKW WKDW pWV DURXQG WKH
]RRP OHQV $ EOXH pOWHU FKDQJHV WKH FRORU WHPSHUDWXUH RI
WKH OLJKW VRXUFH IURP  . WR DURXQG  . PDNLQJ
LW D URXJK DSSUR[LPDWLRQ RI D &,( ' LOOXPLQDQW 7KH
IUDPH JUDEEHU LV pWWHG LQ D VWDQGDUG  0+] 3HQWLXP
 6 K RWW *ODVZ HU N H + DJHQ DX HU VWU DV]H  ' : LHVE DG HQ
,Q WHJU DO 7 HFK Q RORJLHV ,Q F  & U RVVS RLQ W E OY G  6 X LWH  ,Q 
G LDQ DS ROLV ,Q G LDQ D  8 6 $
3& UXQQLQJ :LQGRZV  DQG DFTXLVLWLRQ LV GRQH XVLQJ
WKH 3$/ DQDORJ 5*% IRUPDW ZKLFK LV GLJLWL]HG ZLWK 
ELW SUHFLVLRQ SHU FRORU FKDQQHO 7KH VHWWLQJV RI WKH &&'
FDPHUD FDQ EH DGMXVWHG WKURXJK WKH VHULDO SRUW RI WKH 3&
7KH VHWWLQJV RI WKH IUDPH JUDEEHU DUH FRQWUROOHG XVLQJ WKH
)ODVK3RLQW 6RIWZDUH 'HYHORSHU
V 7RRONLW  IURP ,QWHJUDO
7HFKQRORJLHV 7KH FRORU WDUJHWV DUH WDNHQ IURP WKH 0DF
%HWK &RORU &KHFNHU &KDUW 0%&&&
,,, 'HW HU P LQLQJ W KH DF TXLVLW LRQ V\VW HP SU RI LO H
7KH FDOLEUDWLRQ RI WKH ZKROH DFTXLVLWLRQ V\VWHP FRQ
VLVWV RI VHYHUDO FRQVHFXWLYH VWHSV GHWHUPLQDWLRQ RI WKH
FDPHUD RoVHW WKH IUDPH JUDEEHU RoVHW WKH IUDPH JUDE
EHU JDLQ WKH FDPHUD DSHUWXUH WKH FRORU JDLQV RI WKH FDP
HUD WKH OLQHDUL]LQJ ORRNXS WDEOH DQG pQDOO\ WKH WUDQV
IRUP IURP WKH GHYLFHGHSHQGHQW 5*% VSDFH WR WKH GHYLFH
LQGHSHQGHQW &,( ;<= VSDFH $OO WKHVH VHWWLQJV DUH VWRUHG
LQ D VRFDOOHG SURpOH RI WKH DFTXLVLWLRQ V\VWHP %HIRUH GLV
FXVVLQJ HDFK RI WKHVH VWHSV WKH VLPSOH FDPHUD DQG IUDPH
JUDEEHU PRGHOV XSRQ ZKLFK WKH\ DUH EDVHG DUH UHYLHZHG
$ 7KH FDPHUD DQG IUDPH JUDEEHU PRGHO
7KH RXWSXW YROWDJH 9 FDP
F
RI WKH FDPHUD IRU D FHUWDLQ
FRORU FKDQQHO F  5*% DQG IRU D FHUWDLQ SL[HO L FDQ EH
ZULWWHQ DV
9
FDP
FL
 k
9
FDP
PD[

b
>9 FDP
RIIVHW
 JFDP
F
9 &&'
FL
 9 &&'
GDUN
@
c

ZLWK 9 FDP
RIIVHW
D YDULDEOH RoVHW YROWDJH 9 &&'
FL
D YROWDJH SUR
SRUWLRQDO WR WKH OLJKW LQFLGHQW RQ WKH HOHPHQW FRUUHVSRQG
LQJ ZLWK WKH VDPH SL[HO LQ WKH &&' DUUD\ RI FRORU FKDQQHO
F DQG 9 &&'
GDUN
WKH YROWDJH UHVXOWLQJ IURP WKH YHU\ WHPSHU
DWXUH VHQVLWLYH &&' GDUN FXUUHQW JFDP
F
LV D YDULDEOH FRORU
FKDQQHO GHSHQGHQW JDLQ ZKLFK LV DOZD\V  IRU WKH JUHHQ
FKDQQHO 7KLV LV WKH UHDVRQ WKH JUHHQ FKDQQHO ZLOO DOZD\V
EH XVHG LQ GHWHUPLQLQJ FRORU FKDQQHO LQGHSHQGHQW SDUDP
HWHUV 7KH IXQFWLRQ k
9
FDP
PD[
 UHSUHVHQWV WKH FOLSSLQJ WKDW
RFFXUV ZKHQ DQ RXWSXW YROWDJH LV RXW RI UDQJH
k9PD[ 9   
!
!
 LI 9  
9 LI  x 9 x 9PD[
9PD[ LI 9 ! 9PD[

7KH  SRZHU GHSHQGHQFH LV FDOOHG WKH JDPPD FRUUHF
WLRQ DQG LV D FRUUHFWLRQ IRU WKH ZD\ D &57EDVHG GLVSOD\
ZRUNV 7KLV IHDWXUH FDQ EH WXUQHG Ro EXW GXH WR D VLPLODU
QRQOLQHDULW\ RI WKH KXPDQ YLVXDO V\VWHP +96 LW LV EHW
WHU WR GLJLWL]H JDPPD FRUUHFWHG 5*% YDOXHV 5*%
DQG DSSO\ WKH LQYHUVH RSHUDWLRQ EHIRUH DQ\ IXUWKHU SUR
FHVVLQJ >@ 7KH ELW GLJLWL]HG 5*% SL[HO YDOXH 3 e
F
0DFE HWK   /LWWOH % U LWDLQ U G  1 HZ : LQ G VRU  1 < 
8 6 $
RI WKH IUDPH JUDEEHU DQG WKH OLQHDU 5*% SL[HO YDOXH 3F
PD\ EH ZULWWHQ DV
3
e
F
 


dk 9 IJPD[

9
IJ
RIIVHW
 JIJ9 FDP
F

9
IJ
PD[
e

3F  
d
3
e
F

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
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ZLWK 9
IJ
RIIVHW
DJDLQ D YDULDEOH RoVHW YROWDJH JIJ WKH YDUL
DEOH IUDPH JUDEEHU JDLQ DQG  WKH LQWHJHU URXQGLQJ RS
HUDWRU
,Q UHDOLW\  DQG  GHSHQG RQ PRUH YDULDEOH SDUDPH
WHUV EXW WKHVH DUH QRW UHOHYDQW WR WKH SURSRVHG VFKHPH
7KH FDPHUD SDUDPHWHUV 9 FDP
RIIVHW
DQG JFDP
F
FDQ EH VHW XV
LQJ YDOXHV LQ WKH UDQJH > @ ZKLOH WKH IUDPH JUDEEHU
YDOXHV IRU 9
IJ
RIIVHW
DQG JIJ KDYH WR EH LQ WKH UDQJH > @
7KH UHODWLRQVKLS EHWZHHQ WKHVH YDOXHV DQG WKH YDULDEOH
SDUDPHWHUV LV OLQHDU
% 7KH FDPHUD RoVHW YROWDJH
7KH DLP LV WR PDNH VXUH WKDW D WRWDOO\ QRQUHqHFWLQJ
WDUJHW LH D WDUJHW ZLWK UHqHFWLYH OXPLQDQFH <  
UHVXOWV LQ 9 FDP
*
  7XUQLQJ WKH OLJKW VRXUFH Ro FORVLQJ
WKH OHQV GLDSKUDJP DQG SXWWLQJ WKH OHQV FDS RQ SURYLGHV
XV ZLWK VXFK D WDUJHW $V QR RWKHU SDUDPHWHUV RI WKH
DFTXLVLWLRQ V\VWHP KDYH EHHQ SURSHUO\ VHW VR IDU ZH FDQQRW
GHWHUPLQH DQ DLP SL[HO YDOXH 3 e
*
RU 3* IRU WKH WDUJHW :H
WKHUHIRUH DGRSW WKH IROORZLQJ VFKHPH
 0DNH VXUH WKH WDUJHW SURGXFHV D QRQ]HUR LPDJH DY
HUDJHG JUHHQ SL[HO YDOXH K3*L E\ VHWWLQJ D KLJK IUDPH
JUDEEHU JDLQ DQG RoVHW
 0HDVXUH K3*L LQ IXQFWLRQ RI WKH FDPHUD RoVHW YROWDJH
SDUDPHWHU
,W FDQ EH VHHQ XVLQJ  DQG  WKDW WKLV ZLOO UHVXOW LQ
D FXUYH FRQVLVWLQJ RI WZR VWUDLJKW OLQHV RQH KRUL]RQWDO
OLQH DV ORQJ DV 9 FDP
RIIVHW
x bJFDP
F
9
&&'
GDUN
 DQG RQH VORSLQJ
OLQH RQFH FOLSSLQJ QR ORQJHU RFFXUV DQG 9 FDP
RIIVHW
y b9 &&'
GDUN
VHH pJ  $W WKH VHWWLQJ DW ZKLFK WKH WZR OLQHV LQWHU
VHFW WKH RoVHW YROWDJH H[DFWO\ FRPSHQVDWHV IRU WKH YROWDJH
UHVXOWLQJ IURP WKH GDUN FXUUHQW DQG 9 FDP
*
  7R GHWHU
PLQH WKLV SRLQW UHOLDEO\ DQG LQGHSHQGHQWO\ RI WKH IUDPH
JUDEEHU VHWWLQJV ZH pW D KRUL]RQWDO DQG D VORSLQJ VWUDLJKW
LQWHUVHFWLQJ DW HDFK RI WKH RoVHW YROWDJH VHWWLQJV WKURXJK
WKH GDWD DQG FRPSXWH WKH pWWLQJ HUURUV 7KH GHVLUHG VHW
WLQJ LV WKH RQH ZLWK WKH ORZHVW HUURU VHH pJ  :H ZLOO
UHIHU WR WKLV RSHUDWLRQ DV WKH WZROLQH LQWHUVHFWLRQ PHWKRG
& 7KH IUDPH JUDEEHU RoVHW YROWDJH
1H[W ZH GHWHUPLQH WKH VHWWLQJ RI WKH IUDPH JUDEEHU Ro
VHW YROWDJH VR WKDW K3 e
*
L  K3*L   %HFDXVH 9
FDP
*
 
IRU WKH <   WDUJHW K3 e
*
L LV LQGHSHQGHQW RI WKH IUDPH
JUDEEHU JDLQ JIJ  7KLV PHDQV WKHRUHWLFDOO\ ZH RQO\ KDYH
WR pQG WKH KLJKHVW RoVHW YROWDJH VHWWLQJ DW ZKLFK K3 e
*
L
LV ]HUR +RZHYHU ZH VWLOO IDYRU WKH WZROLQH LQWHUVHFWLRQ
)LJ  7 K H LP DJH DY HU DJHG OLQ HDU S L[ HO Y DOX H IRU WK H JU HHQ FK DQ Q HO
LQ IX Q FWLRQ RI WK H FDP HU D Y ROWDJH RoVHW VHWWLQ J VROLG OLQ H DQ G
WK H FRU U HVS RQ G LQ J p WWLQ J HU U RU V G DVK HG OLQ H 7 K H VHWWLQ J Z LWK
WK H VP DOOHVW p WWLQ J HU U RU LV LQ G LFDWHG E \ WK H Y HU WLFDO VROLG OLQ H
K*L DFWX DOO\ G HQ RWHV K3*L
PHWKRG DV EHLQJ PRUH UREXVW DQG JHQHUDO ,W LV LPSRU
WDQW WR QRWH WKDW EHFDXVH WKH FDPHUD VLJQDO 9 FDP
*
GRHVQ
W
FKDQJH EXW LV GLJLWL]HG ZLWK DQRWKHU RoVHW YROWDJH RQO\ 3 e
*
KDV D SLHFHZLVH OLQHDU UHODWLRQVKLS ZLWK WKH RoVHW YROWDJH
DQG QRW 3*
' 7KH IUDPH JUDEEHU JDLQ DQG FDPHUD OHQV DSHUWXUH
,Q RUGHU WR PD[LPL]H WKH G\QDPLF UDQJH RI WKH FDPHUD
ZH ZLVK WKDW K3 e
*
L   IRU D SHUIHFWO\ UHqHFWLQJ WDUJHW
<   JLYHQ WKH OLJKW VRXUFH 7KLV FDQ EH DFKLHYHG
LQ WZR VWHSV )LUVW JIJ LV VHW VR WKDW WKH PD[LPDO FDP
HUD VLJQDO 9 FDP
PD[
LV GLJLWL]HG DV  )RU WKLV WKH FDPHUD
&&'
V DUH VDWXUDWHG E\ IXOO\ RSHQLQJ WKH OHQV DSHUWXUH
DQG PHDVXULQJ WKH KLJKO\ UHqHFWLQJ 0%&&& 
ZKLWH
 WDU
JHW <   7KHQ K3*L LV PHDVXUHG LQ IXQFWLRQ RI
J
IJ DQG WKH WZROLQH LQWHUVHFWLRQ PHWKRG LV DJDLQ XVHG WR
GHWHUPLQH WKH RSWLPDO JDLQ VHWWLQJ 6HFRQGO\ WKH FRQ
WLQXRXV DSHUWXUH RI WKH OHQV LV DGMXVWHG PDQXDOO\ XQWLO
 3
e
*
! 
d


e
  IRU WKH VDPH 
ZKLWH
 WDU
JHW
( 7KH FDPHUD FRORU EDODQFH DQG OLQHDUL]LQJ ORRNXS WDEOH
7KH DLP RI WKHVH WZR RSHUDWLRQV LV WR REWDLQ D OLQHDU
UHVSRQVH IURP WKH DFTXLVLWLRQ V\VWHP IRU VHULHV RI FRORU WDU
JHWV ZLWK WKH VDPH FKURPDWLFLW\ FRRUGLQDWHV ;
;  <  =
DQG
<
;  <  =
 EXW GLoHUHQW OXPLQDQFH <  35 | <  3* | <
DQG 3% | <  :KHQ XVLQJ FRORU WDUJHWV ZLWK DQ DO
PRVW FRQVWDQW UHqHFWLYLW\ LQ IXQFWLRQ RI ZDYHOHQJWK HJ

QHXWUDO
 FRORUV RI WKH 0%&&& DQG ZLWK WKH DGGHG GH
VLUH WR RSWLPL]H WKH G\QDPLF UDQJH RI HDFK FRORU FKDQ
QHO VHSDUDWHO\ IRU WKH JLYHQ OLJKW VRXUFH WKLV EHFRPHV
35  3*  3%  <  JUD\EDODQFLQJ 7KLV SURFHVV
LV DFWXDOO\ D NLQG RI QRUPDOL]DWLRQ RI 5*% YDOXHV ZLWK
UHJDUG WR WKH OLJKW VRXUFH
3UDFWLFDOO\ WKH FDPHUD FRORU GHSHQGHQW JDLQ IDFWRUV JFDP
5
DQG JFDP
%
DUH DGMXVWHG pUVW VR WKDW JUD\EDODQFH LV RE
WDLQHG IRU WKH 0%&&& 
ZKLWH
 WDUJHW XVLQJ D VLPSOH EL
VHFWLRQ URRW pQGLQJ PHWKRG +HUHDIWHU WKH ORRNXSWDEOH
/87 LV FRQVWUXFWHG LQ RUGHU WR DFKLHYH JUD\EDODQFH IRU
WKH  RWKHU 0%&&& 
QHXWUDO
 FRORU WDUJHWV ZLWK OXPL
QDQFH UDQJLQJ IURP  WR 
) 7KH 5*% WR &,( ;<= WUDQVIRUP
$VVXPLQJ WKDW WKH &,( z[ z\ z] FRORU PDWFKLQJ IXQFWLRQV
FDQ EH ZULWWHQ DV OLQHDU FRPELQDWLRQV RI WKH FDPHUD 5*%
SULPDULHV WKH UHODWLRQVKLS EHWZHHQ 5*% DQG ;<= WULV
WLPXOL XQGHU WKH VDPH XQNQRZQ FDPHUD LOOXPLQDQW LV DOVR
OLQHDU ,I WKLV FDPHUD LOOXPLQDQW LV QRW WRR GLoHUHQW IURP
WKH ' LOOXPLQDQW RI WKH V5*% VSDFH WKHQ ;<= WULV
WLPXOL XQGHU WKH FDPHUD LOOXPLQDQW FDQ EH DSSUR[LPDWHO\
FRPSXWHG IURP WKHLU ' FRXQWHUSDUWV ZLWK D OLQHDU WUDQV
IRUP >@ 7KLV PHDQV WKDW XQGHU WKH DERYH PHQWLRQHG
FRQGLWLRQV ZH FDQ PDS WKH FDPHUD 5*% WULVWLPXOL RI WKH
0%&&& WDUJHWV WR WKHLU ' ;<= WULVWLPXOL XVLQJ D OLQ
HDU WUDQVIRUP 7  &XUUHQWO\ WKH ;<= WULVWLPXOL DUH ZKLWH
SRLQW QRUPDOL]HG ZKLFK PHDQV WKDW 7 RSHUDWHV EHWZHHQ
HTXDO UDQJHV RI >@ 7KH WUDQVIRUP 7 ZDV FRPSXWHG
XVLQJ VLQJXODU YDOXH GHFRPSRVLWLRQ ZKLFK DFWXDOO\ JLYHV
D OHDVWVTXDUHV VROXWLRQ IRU DQ RYHUGHWHUPLQHG V\VWHP RI
OLQHDU HTXDWLRQV ,W LV FOHDU WKDW PLQLPL]LQJ WKH PDSSLQJ
HUURUV LQ D PRUH SHUFHSWXDO FRORU VSDFH HJ 5*% RU
&,( /DE ZRXOG EH IDU EHWWHU EXW WKLV PHDQV WDFN
OLQJ QRQOLQHDU RSWLPL]DWLRQ LQ D PXOWLGLPHQVLRQDO VSDFH
7KH ZKLWHSRLQW SUHVHUYLQJ WUDQVIRUPDWLRQ SURSRVHG LQ >@
SHUIRUPV YHU\ ZHOO HVSHFLDOO\ XQGHU PD[LPXP LJQRUDQFH
DVVXPSWLRQV +RZHYHU DV WKH SURSRUWLRQ RI QHXWUDO FRORU
WDUJHWV XVHG LQ GHWHUPLQLQJ 7 LV TXLWH ODUJH WKHUH ZLOO
EH D 
QDWXUDO
 ELDV LQ WKH OHDVWVTXDUHV SURFHGXUH WRZDUGV
SURSHUO\ PDSSLQJ QHXWUDO FRORUV 0RUHRYHU WKH PD[L
PXP LJQRUDQFH DVVXPSWLRQ PD\ QRW EH WKH EHVW SUHPLVH
LQ WKH FDVH RI VNLQ LPDJLQJ
,9 & KHF N LQJ DQG DGMXVW LQJ DQ H[LVW LQJ
DF TXLVLW LRQ V\VW HP SU RI LO H
2QFH D SURpOH LV GHWHUPLQHG DQG VWRUHG LW FDQ EH XVHG DV
ORQJ DV WKH DFTXLVLWLRQ V\VWHP GRHVQ
W FKDQJH WRR PXFK
DJLQJ RI WKH OLJKW VRXUFH EXOE FKDQJHV LQ &&' VHQVRU
VSHFWUDO UHVSRQVH  7KLV LV HDVLO\ FKHFNHG E\ FRP
SDULQJ WKH &,( /DE YDOXH RI D WHVW WDUJHW 0%&&&

ZKLWH
 ZLWK LWV YDOXH GXULQJ WKH FDOLEUDWLRQ SURFHGXUH
:H VHW D OLPLW RI c(e
DE
XQLW DV WKH PD[LPXP GHYLDWLRQ
IRU WKH DFFHSWDQFH RI WKH SURpOH 2I PRUH FRQFHUQ LV WKH
FKDQJLQJ UHVSRQVH RI WKH DFTXLVLWLRQ V\VWHP LQ IXQFWLRQ
RI WKH ZDUPXSWLPH VHH pJ  HYHQ WKRXJK WKH V\VWHP
PRUH RU OHVV VWDELOL]HV DIWHU  PLQXWHV WKH EOXH UHVSRQVH
FRQWLQXHV WR FKDQJH DQG GLYHUJHV IURP WKH UHG DQG JUHHQ
UHVSRQVH 7KH SURpOH XVHG KHUH ZDV GHWHUPLQHG DIWHU D
ZDUPXSWLPH RI DURXQG  PLQXWHV ,W LV FOHDU DQ LQ
FUHDVLQJ GLoHUHQFH EHWZHHQ WKH FDOLEUDWLRQ DQG WKH PHD
)LJ  7 K H G LoHU HQ W FRORU VS DFHV RI WK H FDOLE U DWLRQ VFK HP H DQ G WK HLU
U HODWLRQ V
VXUHPHQW WLPH UHVXOWV LQ DQ LQFUHDVLQJ HUURU HYHQ WKRXJK
WKHVH UHPDLQ JHQHUDOO\ VPDOO HQRXJK IRU WKH DFFHSWDQFH
RI WKH SURpOH $VVXPLQJ WKDW WKH QRQOLQHDULW\ RI WKH DF
TXLVLWLRQ V\VWHP GRHVQ
W FKDQJH ZLWK VOLJKW FKDQJHV LQ WKH
IUDPH JUDEEHU JDLQ JIJ DQG FDPHUD FRORU GHSHQGHQW JDLQV
J
FDP
5
DQG JFDP
%
 LH DVVXPLQJ WKH OLQHDUL]LQJ /87 DQG WKH
WUDQVIRUP 7 UHPDLQ YDOLG ZH FDQ DGMXVW WKHVH SDUDPHWHUV
RQ WKH q\ ZKHQ FKHFNLQJ D SURpOH 7KLV GRHVQ
W LQYROYH
DQ\ H[WUD LQWHUDFWLRQ DV WKH VDPH WHVW WDUJHW LV XVHG DQG
PDUNHGO\ LPSURYHV WKH SUHFLVLRQ ,PDJHV DFTXLUHG ZLWK
)LJ  7 K H 5 VROLG OLQ H * G DVK HG OLQ H DQ G % G RWWHG OLQ H U H
VS RQ VH RI WK H Z K LWH 0% & & & WDU JHW LQ IX Q FWLRQ RI WK H Z DU P X S 
WLP H
D YDOLGDWHG DQG DGMXVWHG SURpOH DUH WUDQVIRUPHG WR WKH
JDPPD FRUUHFWHG V5*% VSDFH EHIRUH WKH\ DUH VWRUHG VHH
pJ  7KLV LV FDOOHG RXWSXW UHQGHULQJ DQG VKRXOG SURYLGH D
IDLUO\ UHDOLVWLF LPDJH RQ DQ\ PRGHUQ &57EDVHG PRQLWRU
ZKLFK KDV LWV ZKLWHSRLQW VHW DW  . >@
9 ([SHU LP HQW DO U HVXO W V DQG GLVF XVVLRQ
:LWK DFFXUDF\ ZH PHDQ WKH FRQVLVWHQF\ ZLWK ZKLFK
PHDVXUHPHQWV RI FRORUV DUH FORVH WKHLU UHDO PHDVXUHG YDO
XHV DV PHDVXUHG E\ D UHIHUHQFH LQVWUXPHQW HJ D VSHF
WURSKRWRPHWHU *RRG DFFXUDF\ ZLOO EH HVSHFLDOO\ LPSRU
WDQW ZKHQ H[FKDQJLQJ LPDJHV ([SHULPHQWV FRQVLVWHG RI
 PHDVXUHPHQWV RI WKH 0%&&& WDUJHWV XQGHU GLoHUHQW
SURpOHV DQG DIWHU GLoHUHQW ZDUPXSWLPHV )RU HDFK WDUJHW
W WKH DYHUDJH HUURU Kc(e
DE
WL ZDV FRPSXWHG ZLWK UHJDUG
WR WKH UHDO &,( /DE YDOXH RI WKH WDUJHW VHH pJ  7ZR
FRQFOXVLRQV SUHVHQW WKHPVHOYHV pUVWO\ WKH 5*% WR &,(
;<= WUDQVIRUP GRHV LQGHHG SHUIRUP ZHOO IRU QHXWUDO FRORUV
WDUJHWV  WR  DQG VHFRQGO\ WKH JUHDWO\ YDU\LQJ UH
VXOWV EHWZHHQ WKH WDUJHWV LQGLFDWHV WKDW DV H[SHFWHG WKH
PLQLPL]DWLRQ RI PDSSLQJ HUURUV LQ WKH &,( ;<= VSDFH
LV QRW VXFK D JRRG LGHD $YHUDJHG RYHU DOO WKH 0%&&&
WDUJHWV ZH JHW Kc(e
DE
L   ZLWK c(e
DE
  ,W KDV WR
EH QRWHG WKDW SURSHU DFFXUDF\ PHDVXUHPHQWV VKRXOG XVH
RWKHU WDUJHWV WKDQ WKH RQHV XVHG LQ WKH GHWHUPLQDWLRQ RI
WKH DFTXLVLWLRQ V\VWHP SURpOH 5HDO DFFXUDF\ PD\ WKHUH
IRUH EH ORZHU WKDQ SUHVHQWHG KHUH
:LWK SUHFLVLRQ ZH GHVFULEH WKH UHSURGXFLELOLW\ RI
)LJ  7 K H DY HU DJH DFFX U DF\ RI WK H 0% & & & FRORU WDU JHWV 7 K H
HU U RU E DU V U HS U HVHQ W RQ H VDP S OH VWDQ G DU G G HY LDWLRQ
PHDVXUHPHQWV RU WKH ZD\ UHSHDWHG PHDVXUHPHQWV DUH
VSUHDGHG DURXQG WKH DYHUDJH RI WKRVH PHDVXUHPHQWV 3UH
FLVLRQ ZLOO EH LPSRUWDQW IRU DQ\ TXDQWLWDWLYH PHDVXUHPHQW
RI LPDJH FRORU FKDUDFWHULVWLFV :H FDQ GLVWLQJXLVK VHY
HUDO W\SHV RI SUHFLVLRQ VKRUWWHUP SUHFLVLRQ ZKHQ PDN
LQJ VHYHUDO FRQVHFXWLYH PHDVXUHPHQWV RI WKH VDPH WDUJHW
PHGLXPWHUP RU SURpOH SUHFLVLRQ ZKHQ FRPSDULQJ PHD
VXUHPHQWV PDGH XQGHU RQH SURpOH DQG ORQJWHUP RU LQWHU
SURpOH SUHFLVLRQ ZKHQ WDONLQJ DERXW WKH DJUHHPHQW EH
WZHHQ PHDVXUHPHQWV PDGH XQGHU GLoHUHQW SURpOHV
6KRUW WHUP SUHFLVLRQ EDVHG RQ  FRQVHFXWLYH PHDVXUH
PHQWV RI WKH 0%&&& 
ZKLWH
 WDUJHW ZDV YHU\ JRRG
Kc(e
DE
ZKLWHL   ZLWK c(e
DE
ZKLWH   7KH
UHVXOWV IRU WKH PHGLXPWHUP DQG ORQJWHUP SUHFLVLRQ FDQ
EH VHHQ LQ pJ  DQG  +HUH WKH DYHUDJH HUURU Kc(e
DE
WL
IRU HDFK WDUJHW ZDV FRPSXWHG ZLWK UHJDUG WR WKH DYHUDJH
VDPSOH &,( /DE YDOXH RI WKH WDUJHW  DQG  PHD
VXUHPHQWV UHVSHFWLYHO\ 7R VLPXODWH SRVVLEOH ORQJWHUP
FKDQJHV LQ WKH DFTXLVLWLRQ V\VWHP WKH FRORU WHPSHUDWXUH
RI WKH OLJKW VRXUFH ZDV PRGLpHG IRU KDOI RI WKH SURpOHV
RI pJ  7KHUH ZDV QR QRWLFHDEOH GLoHUHQFH LQ SUHFL
VLRQ EHWZHHQ SURpOHV IRU WKH QRUPDO DQG PRGLpHG DFTXL
VLWLRQ V\VWHP 7KH DYHUDJH VWDQGDUG GHYLDWLRQ DQG PD[
LPDO HUURUV RYHU DOO WKH 0%&&& WDUJHWV IRU PHGLXPWHUP
DQG ORQJWHUP SUHFLVLRQ DUH Kc(e
DE
L   V  
ZLWK c(e
DE
  DQG Kc(e
DE
L   V   ZLWK
c(e
DE
  UHVSHFWLYHO\ 7KH IDFW WKDW WKH ORQJWHUP SUH
FLVLRQ LV VOLJKWO\ EHWWHU WKDQ WKH PHGLXPWHUP SUHFLVLRQ
PLJKW EH H[SODLQHG E\ WKH IDFW WKDW DQ\ PHDVXUHPHQWV IRU
WKH ORQJWHUP SUHFLVLRQ ZHUH PDGH GLUHFWO\ DIWHU WKH SUR
pOH ZDV GHWHUPLQHG WKHUHE\ DYRLGLQJ WKH GULIW SUREOHPV
RXWOLQHG LQ pJ 
)LJ  7 K H DY HU DJH c ( RI WK H 0% & & & FRORU WDU JHWV X Q G HU RQ H
S U Rp OH 7 K H HU U RU E DU V U HS U HVHQ W RQ H VWDQ G DU G G HY LDWLRQ
9, & RQF O XVLRQV
:H KDYH SURSRVHG D FRORU FDOLEUDWLRQ SURFHGXUH ZKLFK
DOORZV FRORULPHWULFDOO\ FRQVLVWHQW DFTXLVLWLRQ RI GLJLWDO LP
DJHV 7KHVH LPDJHV DUH VWRUHG LQ D VWDQGDUG FRORU VSDFH
ZLWK NQRZQ SULPDULHV DQG ZKLWHSRLQW DQG DV VXFK FDQ EH
H[FKDQJHG DQG FRPSDLUHG ZLWK RWKHU LPDJHV LQ WKH VDPH
FRORU VSDFH HYHQ LI DFTXLUHG E\ RWKHU PHDQV 7KH\ DUH
UHDGLO\ GLVSOD\DEOH RQ &57EDVHG GLVSOD\V 7KH FXUUHQW
V\VWHP LV RSWLPL]HG IRU WKH DFTXLVLWLRQ RI VPDOO pHOGRI
YLHZ VNLQ LPDJHV DQG ZLOO DW pUVW EH XVHG LQ D VWXG\ RI
SLJPHQWHG VNLQ OHVLRQV EXW LW FDQ EH XVHIXO LQ DQ\ VWXG\
RI QDWXUDO RU LQGXFHG SK\VLRORJLFDO PDQLIHVWDWLRQV LQ WKH
VNLQ GUXJ WHVWLQJ FRVPHWLFV 89UDGLDWLRQ VWXGLHV 
)LJ  7 K H DY HU DJH c ( RI WK H 0% & & & FRORU WDU JHWV X Q G HU G LoHU HQ W
S U Rp OHV 7 K H HU U RU E DU V U HS U HVHQ W RQ H VWDQ G DU G G HY LDWLRQ
9,, $F N QRZ O HGJP HQW
7KLV SURMHFW LV IXQGHG E\ WKH ):2 LQ %HOJLXP UHI
)
5HI HU HQF HV
>@ * (  + HDOH\ DQ G 5 .RQ G HS X G \  ?5DG LRP HWU LF & & ' FDP HU D
FDOLE U DWLRQ DQ G Q RLVH HVWLP DWLRQ  ,( ( ( 7 U DQ VFDW LRQ V RQ 3 DW 
W HU Q $ Q DO\ VLV DQ G 0DFKLQ H ,Q W HOOLJHQ FH Y RO  Q R  S S  ^
 
>@ < &  & K DQ J DQ G -  ) 5HLG  ?5*% FDOLE U DWLRQ IRU FRORU LP 
DJH DQ DO\ VLV LQ P DFK LQ H Y LVLRQ  ,( ( ( 7 U DQ VDFW LRQ V RQ ,PDJH
3 U RFHVVLQ J Y RO  Q R  S S  ^ 
>@ %  $  : DQ G HOO ?7 K H V\ Q WK HVLV DQ G DQ DO\ VLV RI FRORU LP DJHV
,( ( ( 7 U DQ VDFW LRQ V RQ 3 DW W HU Q $ Q DO\ VLV DQ G 0DFKLQ H ,Q W HOOL
JHQ FH Y RO 3 $ 0, Q R  S S  ^ 
>@ ' 6 ODWHU DQ G * + HDOH\  ?7 K H LOOX P LQ DWLRQ LQ Y DU LDQ W U HFRJQ L
WLRQ RI G RE MHFWV X VLQ J ORFDO FRORU LQ Y DU LDQ WV ,( ( ( 7 U DQ VDF
W LRQ V RQ 3 DW W HU Q $ Q DO\ VLV DQ G 0DFKLQ H ,Q W HOOLJHQ FH Y RO 
Q R  S S  ^ 
>@ * )LQ OD\ VRQ  ?& RORU LQ S HU VS HFWLY H ,( ( ( 7 U DQ VDFW LRQ V RQ
3 DW W HU Q $ Q DO\ VLV DQ G 0DFKLQ H ,Q W HOOLJHQ FH Y RO  Q R 
S S  ^ 
>@ * ' )LQ OD\ VRQ DQ G 0 6  'U HZ  ?: K LWHS RLQ W S U HVHU Y LQ J FRORU
FRU U HFWLRQ  LQ )LIW K & RORU ,PDJLQ J & RQ IHU HQ FH & RORU 6 FLHQ FH
6 \ VW HPV DQ G $ SSOLFDW LRQ V S S  ^ ,6 	7  6 ,' 
>@ (  % ROG U LQ  3  & DP S DG HOOL DQ G 5 6 FK HWWLQ L ?/HDU Q LQ J FRON RU
DS S HDU DQ FH P RG HOV LQ )LIW K & RORU ,PDJLQ J & RQ IHU HQ FH
& RORU 6 FLHQ FH 6 \ VW HPV DQ G $ SSOLFDW LRQ V S S  ^ ,6 	7 
6 ,' 
>@ 3  0 + X E HO -  + ROP  * ' )LQ OD\ VRQ  DQ G 0 6  'U HZ  ?0D
WU L[ FDOFX ODWLRQ V IRU G LJLWDO S K RWRJU DS K \  LQ )LIW K & RORU ,PDJ
LQ J & RQ IHU HQ FH & RORU 6 FLHQ FH 6 \ VW HPV DQ G $ SSOLFDW LRQ V
S S  ^ ,6 	7  6 ,' 
>@ +  .DQ J & RORU 7 HFKQ RORJ\ IRU ( OHFW U RQ LF ,PDJLQ J ' HYLFHV
6 3 ,( 2S WLFDO ( Q JLQ HHU LQ J 3 U HVV 
>@ 1  & DVFLQ HOOL HW DO ?$ S RVVLE OH WRRO IRU FOLQ LFDO G LDJQ RVLV RI
P HODQ RP D 7 K H FRP S X WHU  - RXU Q DO RI W KH $ PHU LFDQ $ FDGHP\
RI ' HU PDW RORJ\  Y RO  Q R  3 DU W  S S  ^ 
>@ -  / 6 WRQ H 5 / 3 HWHU VRQ  DQ G -  (  : ROI ?'LJLWDO LP DJLQ J
WHFK Q LT X HV LQ G HU P DWRORJ\  - RXU Q DO RI W KH $ PHU LFDQ $ FDGHP\
RI ' HU PDW RORJ\  Q R  S DU W  S S  ^ 
>@ 5 .HQ HW HW DO ?& OLQ LFDO G LDJQ RVLV RI S LJP HQ WHG OHVLRQ V X V
LQ J G LJLWDO HS LOX P LQ HVFHQ FH P LFU RVFRS \  $ U FK RI ' HU PDW RORJ\ 
Y RO  S S  ^ 
>@ :  6 WRO] HW DO ?,P S U RY HP HQ W RI P RQ LWRU LQ J RI P HODQ RF\ WLF
VN LQ OHVLRQ V Z LWK WK H X VH RI D FRP S X WHU L]HG DFT X LVLWLRQ DQ G
VX U Y HLOODQ G Z LWK D VN LQ VX U IDFH P LFU RVFRS LF WHOHY LVLRQ FDP HU D
- RXU Q DO RI W KH $ PHU LFDQ $ FDGHP\ RI ' HU PDW RORJ\  Y RO 
Q R  3 DU W  S S  ^ 
>@ 7  6 FK LQ G HZ ROI HW DO ?( Y DOX DWLRQ RI G LoHU HQ W LP DJH DFT X LVLWLRQ
WHFK Q LT X HV IRU D FRP S X WHU Y LVLRQ V\ VWHP LQ WK H G LDJQ RVLV RI
P DOLJQ DQ W P HODQ RP D - RXU Q DO RI W KH $ PHU LFDQ $ FDGHP\ RI
' HU PDW RORJ\  Y RO  Q R  S S  ^ 
>@ * + ROVW & & ' DU U D\ V & DPHU DV DQ G ' LVSOD\ V 6 3 ,( 2S WLFDO
( Q JLQ HHU LQ J 3 U HVV 
>@ -  + ROP  ?,VVX HV U HODWLQ J WR WK H WU DQ VIRU P DWLRQ RI VHQ VRU G DWD
LQ WR VWDQ G DU G FRORU VS DFHV LQ )LIW K & RORU ,PDJLQ J & RQ IHU 
HQ FH & RORU 6 FLHQ FH 6 \ VW HPV DQ G $ SSOLFDW LRQ V S S  ^
,6 	7  6 ,' 
